With the aim to find links between the properties of supernova (SN) Ia progenitors and elliptical host stellar populations, we present an analysis of the galactocentric distributions of the "normal" and peculiar "91bg-like" subclasses of SNe Ia, and study the global parameters (absolute magnitude, colour, size, stellar mass, metallicity and age) of their host galaxies. We use a well-defined sample of morphologically non-disturbed 109 SNe Ia host ellipticals from the Sloan Digital Sky Survey. The galactocentric distributions of normal and 91bg-like SNe are consistent with each other, and with the radial light distribution of host stellar populations, when excluding bias against central SNe. Among the global parameters, only the distributions of u−r colours and ages are inconsistent significantly between the ellipticals of different SN Ia subclasses: the hosts of normal SNe are on average bluer and younger than those of 91bg-like SNe. In the colour-mass diagram, the tail of colour distribution of normal SN hosts stretches into the Green Valley -transitional state of galaxy evolution, while the same tail of 91bg-like SN hosts barely reaches that region. Therefore, the bluer and younger ellipticals might have more residual star formation that gives rise to younger "prompt" progenitors, resulting in normal SNe Ia with shorter delay times. These ellipticals can also produce "delayed" 91bg-like events with lower rate, because of long delay times of these SNe. The redder and older ellipticals that already exhausted their gas for star formation may produce significantly less normal SNe Ia with shorter delay times, outnumbered by 91bg-like SNe with long delay times. Our results favor SN Ia progenitor models such as He-ignited violent mergers as a unified model for normal and 91bg-like SNe that have the potential to explain their observed properties.
INTRODUCTION
The most energetic and relatively uniform class among Supernovae (SNe) explosions are Type Ia SNe that were used to discover the accelerating expansion of the Universe (e.g. Riess et al. 1998; Perlmutter et al. 1999) . It is widely accepted that Type Ia SN arises from a thermonuclear explosion of a carbon-oxygen (CO) white dwarf (WD) in an interacting binary stellar system. In short, the most favored are single degenerate (SD; Nomoto, Iwamoto & Kishimoto 1997) and double degenerate (DD; Iben & Tutukov 1984) progenitor scenarios. In the SD scenario, a CO WD accretes material from a main-sequence/subgiant star, or a red-giant star, or even a helium star, causing the WD mass to reach ⋆ E-mail: barkhudaryan@bao.sci.am (LVB); hakobyan@bao.sci.am (AAH) the Chandrasekhar mass limit (≈ 1.4M⊙) and explode. In the DD scenario, a double WD system loses orbital angular momentum due to gravitational wave emission, leading to coalescence/accretion and explosion. Recent results suggest that both scenarios are possible (see e.g. Maeda & Terada 2016 , for a review on various progenitor models).
The fortune of SNe Ia in cosmology is due to the fact that despite their moderate inhomogeneity, they are the best standardizable candles in the Universe thanks to a correlation between their luminosity at maximum light and the shape of the light-curve (LC), with faster declining objects being fainter. This is known as the width-luminosity relation of SN LC, and was first proposed by Phillips (1993) . In addition, the LC decline rates ∆m15, i.e. the difference in magnitudes between the maximum and 15 days after the maximum light, and colours of SNe Ia are related: the faster declining LCs correspond to the intrinsically redder events (e.g. Phillips et al. 1999; Riess et al. 1998) . The luminosity of a SN Ia and the ∆m15 depend on the kinetic energy of the explosion, the mass of radioactive 56 Ni in the ejecta and opacity (e.g. Arnett 1982; Mazzali et al. 2007) .
Despite the relatively uniform maximum luminosities of Type Ia SNe, there is increasing evidence for photometric and spectroscopic diversities among them. In comparison with the observational properties of normal SNe Ia (Branch, Fisher & Nugent 1993) , specialists in the field often refer to two "traditional" and most common subclasses of peculiar SNe Ia -overluminous "91Tlike" events with slower declining LCs (Filippenko et al. 1992b; Ruiz-Lapuente et al. 1992; Phillips et al. 1992) and subluminous "91bg-like" SNe with faster declining LCs (Filippenko et al. 1992a; Leibundgut et al. 1993; Turatto et al. 1996) . These peculiar SNe Ia make up a considerable fraction of local Type Ia SNe (e.g. Li et al. 2011a, ∼ 30 per cent) , and are of crucial importance for understanding SNe Ia events in general. A few per cent of other subclasses of peculiar SNe Ia include the faint but slowly declining "02es-like" SNe, "02cx-like" events with low luminosities (also called SNe Iax), "Ca-rich" transients, the extremely luminous so-called "super-Chandrasekhar" (also called "06gz-like") SNe, and SNe Ia showing circumstellar medium interactions (see e.g. Taubenberger 2017 , for a recent review on most of the extremes of Type Ia SNe).
When considering only the most populated subclasses of SNe Ia, i.e. normal, 91T-and 91bg-like events, the lower mass of the host galaxy (the later morphological type or higher the specific star formation rate [SFR] ), the brighter and slower the SNe Ia that are exploded, on average (e.g. Hamuy et al. 1996; Howell 2001; Gallagher et al. 2005; Neill et al. 2009; Li et al. 2011a; González-Gaitán et al. 2011 . 91T-like SNe occur in star-forming host galaxies, while such an object has never been discovered in elliptical galaxies (e.g. Howell 2001; Gallagher et al. 2005; Li et al. 2011a) , where the stellar population almost always consists of old stars. 91bg-like events prefer host galaxies with elliptical and lenticular morphologies (E-S0), sometimes they explode also in early-type spirals (e.g. Howell 2001; Li et al. 2011a) . Normal SNe Ia are discovered in host galaxies with any morphologies from ellipticals to late-type spirals (e.g. Li et al. 2011a ).
In the literature, there are many efforts in studying the links between the spectral as well as LC properties of SNe Ia and the global as well as local properties at SN explosion sites of their host galaxies, such as mass, colour, SFR, metallicity, and age of the stellar population (e.g. Hamuy et al. 2000; Ivanov et al. 2000; Gallagher et al. 2005 Gallagher et al. , 2008 Howell et al. 2009; Neill et al. 2009; Sullivan et al. 2010; Gupta et al. 2011; Galbany et al. 2012; Pan et al. 2014 Pan et al. , 2015 Anderson et al. 2015; Kim et al. 2018) . In such studies, SNe Ia host galaxies with various morphological properties, e.g. old ellipticals with spherically-distributed stellar content, lenticulars with an old stellar population in a huge spherical bulge plus a prominent exponential disc, and spirals with old bulge and young star forming disc components are simultaneously included in the samples. In this case, it is difficult to precisely analyse the spatial distribution of SNe, and associate them with a concrete stellar component (bulge or thick/thin discs, old or intermediate/young) in the hosts due to different or unknown projection effects (e.g. Hakobyan et al. 2016 Hakobyan et al. , 2017 . In addition, E-S0 and spiral host galaxies have had different evolutionary paths through major/minor galaxy-galaxy interaction (e.g. Kaviraj et al. 2009; Schawinski et al. 2014; McIntosh et al. 2014) , and therefore, this important aspect should be clearly distinguished.
In this study, we morphologically select from the Sloan Dig-ital Sky Survey (SDSS) only elliptical host galaxies of SNe Ia, which are known to have the simplest structural properties of the composition in comparison with lenticular and spiral galaxies (e.g. Kormendy et al. 2009 ). As already mentioned, in these galaxies no 91T-like events have been discovered, they mostly host normal and 91bg-like SNe (e.g. Howell 2001) . Therefore, these two subclasses of Type Ia SNe are the subject of study in this paper. 1 Recall that the 91bg-like SNe are unusually red and have peak luminosities that are 2 ± 0.5 magnitudes lower than do normal SNe Ia (the typical peak magnitude of normal SNe Ia is MB ≃ −19.1 mag, see Taubenberger et al. 2008, and references therein) . They have faster declining LCs 1.8 ∼ < ∆m15 ∼ < 2.1, compared with ∆m15 ∼ < 1.7 for normal events, and their ejecta velocities are small at any epoch in comparison with normal SNe Ia (e.g. Benetti et al. 2005; Wang et al. 2013 ). In the post-maximum spectra, particularly notable is the presence of unusually strong O I λ 7774 and Ti II absorption lines. Despite the recent detection of strong Hα in the nebular spectrum of ASASSN-18tb (a 91bg-like event; Kollmeier et al. 2019) , there is no evidence that fast declining SNe are more likely to have late time Hα emission (Sand et al. 2019) . For more details of the spectra and LC properties of 91bglike events, the reader is referred to a review by Taubenberger (2017) .
The explosion mechanism, which should explain the main characteristics of these events, including the low 56 Ni masses, is still under debate. The DD scenario, the helium layer detonation triggered sub-Chandrasekhar mass explosion, and the scenario of collision of two WDs are competing (e.g. Hillebrandt & Niemeyer 2000; Mazzali & Hachinger 2012; Pakmor et al. 2013; Dong et al. 2015; Crocker et al. 2017) .
In the earlier literature, several attempts have been done to study the projected radial and surface density distributions of nearby SNe Ia in morphologically selected elliptical host galaxies (Guseinov, Kasumov & Kalinin 1980; Bartunov, Makarova & Tsvetkov 1992; Tsvetkov, Pavlyuk & Bartunov 2004; Förster & Schawinski 2008) . These studies showed that, in general, the distribution of Type Ia SNe is consistent with the light (de Vaucouleurs) profile of their elliptical host galaxies, which are dominated by old and metal-rich stellar populations (e.g. González Delgado et al. 2015) . However, mainly because of the lack of the spectral and LC data, these studies did not separate the normal and 91bg-like subclasses. For the first time, Pavlyuk & Tsvetkov (2016) attempted to compare the surface density distributions of the subclasses of nearby SNe Ia, in particular for those of the normal and 91bg-like events. However, the morphological types of SN hosts were not limited to elliptical galaxies only, thus mixing different progenitor populations from bulges and discs (see also Gallagher et al. 2008; Panther et al. 2019 ).
On the other hand, Gallagher et al. (2008) studied optical absorption-line spectra of 29 early-type host galaxies of local SNe Ia and found a higher specific SN rate in E-S0 galaxies with ages below 3 Gyr than in older hosts. Recall that the rate of Type Ia SNe is a linear combination of two components, the "prompt" and "delayed" (tardy) SN Ia explosions (e.g. Scannapieco & Bildsten 2005) . The prompt component is more closely related with the recent SFR, and the delayed component with the total stellar mass of galaxy (e.g. Mannucci et al. 2005; Li et al. 2011b; Hakobyan et al. 2011 ). Therefore, according to Gallagher et al. (2008) , the higher rate seen in the youngest E-S0 hosts may be a result of recent star formation and represents a tail of the prompt SN Ia progenitors.
Most recently, Panther et al. (2019) analysed the explosion sites of eleven spectroscopically identified nearby 91bg-like SNe in hosts with different morphologies (including only six E-S0 galaxies) and found that the majority of the stellar populations that host these events are dominated by old stars with lack of recent star formation evidence. These authors concluded that the 91bglike SN progenitors are likely to have delay times, i.e. the time intervals between the SN Ia progenitor formation and the subsequent thermonuclear explosion, much longer (> 6 Gyr, see also Crocker et al. 2017 ) than the typical delay times of normal SNe Ia in star forming environments, whose delay times peak between several hundred Myr and ∼ 1 Gyr (e.g. Childress, Wolf & Zahid 2014; Maoz, Mannucci & Nelemans 2014) .
The goal of this paper is to properly address these questions through a comparative study of the galactocentric distributions of normal and 91bg-like SNe, as well as through an analysis of the global properties of SNe Ia hosts (e.g. stellar mass, metallicity, colour and age of stellar population) in a well-defined and morphologically non-disturbed sample of more than 100 relatively nearby elliptical galaxies. This is the sixth paper of the series following Hakobyan et al. (2012 Hakobyan et al. ( , 2014 Hakobyan et al. ( , 2016 ; Aramyan et al. (2016) ; Hakobyan et al. (2017) and the content is as follows. The sample selection and reduction are presented in Section 2. All the results are presented in Section 3. Section 4 discusses the results with comprehensive interpretations, and summarizes our conclusions. To conform to values used in the series of our articles, Hubble constant H0 = 73 km s −1 Mpc −1 is adopted in this paper.
SAMPLE SELECTION AND REDUCTION
We used the updated versions of the Asiago Supernovae Catalogue 2 (ASC; Barbon et al. 1999) and Open Supernova Catalog (OSC; Guillochon et al. 2017) to include all spectroscopically classified Type Ia SNe with distances 200 Mpc (0.003 z 0.046), 3 discovered before 9 October 2018. All SNe are required to have equatorial coordinates and/or offsets (positions in arcsec) with respect to host galactic nuclei. We cross-matched these coordinates with the coverage of the SDSS Data Release Fifteen (DR15; Aguado et al. 2019) to identify the host galaxies with elliptical morphology, using the techniques presented in Hakobyan et al. (2012) . Many of the identified SNe Ia host galaxies are already listed in database of Hakobyan et al. (2012) , which is based on the SDSS DR8. However, because we added new SNe Ia, for homogeneity we redid the whole reduction for the sample of elliptical host galaxies of this study based only on DR15.
Following the approach of Hakobyan et al. (2014) , we checked also the levels of morphological disturbances of the host galaxies using the SDSS images. Because we are interested in studying the distribution of SNe Ia in non-disturbed elliptical galaxies, the hosts with interacting, merging, and post-merging/remnant attributes are removed from the sample.
For three SNe (1980I, 2008gy and 2018ctv) , the almost equality of projected distances from the few nearest elliptical galaxies did not allow to unambiguously assign them to certain hosts. Therefore, we simply excluded these objects from our sample.
For the remaining SNe Ia that satisfy the above-mentioned criteria, we carried out an extensive literature search to collect their spectroscopic subclasses (e.g. normal, 91T-like, 91bglike and other peculiar events), which are available at the moment of writing the paper. To accomplish this, we mainly used the Weizmann Interactive Supernova data REPository (WISeREP; Yaron & Gal-Yam 2012) , which is an interactive archive of SN spectra and photometry, including data of historical events and ongoing surveys/programs. The archive provides also the important references to the original publications, which we considered along with the Astronomer's Telegram 4 (ATEL), website of the Central Bureau for Astronomical Telegrams 5 (CBAT) and other supporting publications (e.g. Branch et al. 1993; Silverman et al. 2012; Tomasella et al. 2014) . In total, we managed to collect the subclasses for 109 SNe in 104 host galaxies: 66 SNe are normal, 41 SNe are 91bg-like, and two SNe are 06gz-like (super-Chandrasekhar) events. As expected (e.g. Howell 2001; Gallagher et al. 2005 ), 91T-like events have not been discovered in elliptical galaxies. On the other hand, less than a dozen of 06gzlike SNe have been discovered so far, and they have a tendency to explode in low-mass (low-metallicity) late-type galaxies (e.g. Taubenberger et al. 2011) . Therefore, they are not the subject of our study, and because of only two such objects in our sample, further in the article we do not specifically discuss these events and their hosts, instead we just present them for illustrative purpose.
It is important to note that in this sample of SNe Ia only seven normal events (∼ 6 per cent of objects: 1939A, 1957B, 1970J, 1981G, 1982W, 1993ae, and 1993C) were discovered photographically, while all the other 102 SNe were discovered by visual or mostly CCD searches. Fig. 1 shows the distributions of relative and cumulative frac-tions of the subclasses of Type Ia SNe as a function of distances. As was mentioned, the 91bg-like SNe have peak luminosities that are ∼ 2 magnitudes lower than do normal SNe Ia (see Taubenberger et al. 2008 , and references therein), therefore the discoveries of 91bg-like events might be complicated at greater distances. The mean distances of all, normal and 91bg-like SNe are 105, 108 and 97 Mpc with standard deviations of 43, 44 and 38 Mpc, respectively. Meanwhile, the two-sample Kolmogorov-Smirnov (KS) and Anderson-Darling (AD) tests 6 showed that the distance distributions of normal and 91bg-like events are not significantly different (PKS = 0.404, PAD = 0.238) and could thus be drawn from the same parent distribution. Therefore, our subsamples of normal and 91bg-like SNe and their host galaxies should not be strongly affected by the redshift-dependent biases against or in favour of one of the SN subclasses.
We measured the photometry and geometry of the 104 host galaxies according to the approaches presented in Hakobyan et al. (2012) . For each host galaxy, we used the fitted 25 mag arcsec −2 elliptical aperture in the SDSS g-band to obtain the major axis (D25), elongation (a/b), and position angle (PA) of the major axis relative to North in the anticlockwise direction. The classification of hosts includes also the ratio 10(a − b)/a: for a projection of a galaxy with a equal to b, the ratio is 0 and the morphological type is E0. There are only one E5 and ten E4 host galaxies (∼ 10 per cent of the sample). The rest of the galaxies are almost evenly distributed in E0-E3 bins. The mean D25 of the hosts is 129 arcsec with the minimum value of 21 arcsec. The corresponding u-, g-, r-, iand z-band fluxes (apparent magnitudes 7 ) are measured using the g-band fitted elliptical aperture. During the measurements, we masked out bright projected and/or saturated stars. The apparent/absolute magnitudes and D25 values are corrected for Galactic extinction using the Schlafly & Finkbeiner (2011) recalibration of the Schlegel, Finkbeiner & Davis (1998) infrared-based dust map. These values are not corrected for host galaxy internal extinction because ellipticals have almost no global extinction, with mean AV = 0.01 ± 0.01 mag (González Delgado et al. 2015) . Since the redshifts of host galaxies are low (z 0.046), the accounted Kcorrections for the magnitudes are mostly negligible and do not exceed 0.2 mag in the g-band. The D25 values are also corrected for inclination/elongation effect according to Bottinelli et al. (1995) .
In an elliptical galaxy the real galactocentric distance of SN can not be calculated using the SN offset from the host galaxy nucleus (∆α and ∆δ). Instead, we can only calculate the projected galactocentric distance of a SN (RSN = √ ∆α 2 + ∆δ 2 ), which is the lower limit of the real galactocentric distance. 8 Following , we used the relative projected galactocentric distances ( RSN = RSN/R25), i.e. normalized to R25 = D25/2 in the g-band.
However, for the normalization, the effective radius (Re) could be more relevant being tighter correlated with the stellar surface density distribution or surface brightness profile of the 6 Traditionally, we adopted in this article the threshold of 5 per cent for significance levels (P -values) of the different tests. For more details of the statistical tests, the reader is referred to Engmann & Cousineau (2011) . 7 All magnitudes are in the AB system such that u AB = u − 0.04 mag and z AB = z + 0.02 mag (g, r and i are closer to AB system, see https://www.sdss.org/dr15/algorithms/fluxcal/). 8 In several cases when SNe offsets were not available in the abovementioned catalogues, we calculated ∆α and ∆δ by ∆α ≈ (α SN − αg) cos δg and ∆δ ≈ (δ SN −δg), where α SN and δ SN are SN coordinates and αg and δg are host galaxy coordinates in equatorial system. host galaxy in comparison with the R25 photometric radius (e.g. Kormendy et al. 2009 ). For elliptical galaxies, the surface brightness (I) profiles are described by the Sérsic law (Sérsic 1963) :
where Re is the radius of a circle that contains half of the light of the total galaxy (also known as half-light radius), I0 is the central surface brightness of the galaxy, n is the Sérsic index, defining the shape of the profile. An analytical expression that approximates the bn parameter is bn ≃ 1.9992 n − 0.3271 (e.g. Capaccioli 1989 ). When n = 4, the profile, which is called de Vaucouleurs profile, sufficiently describes the surface brightness distribution of elliptical galaxies (de Vaucouleurs 1948) . Therefore, following Förster & Schawinski (2008) , we also normalized RSN to the Re radii of host galaxies ( RSN = RSN/Re).
The g-band Re radii (in arcsec) of our host galaxies are extracted from the SDSS where a detailed photometric analysis of galaxies is performed (Lupton et al. 2001) . Their pipeline fitted galaxies with a de Vaucouleurs profile and an exponential profile, 9 and asked for the linear combination of the two that best fitted the image, providing the Re and parameter fracDeV, which is the fraction of fluxes contributed from the de Vaucouleurs profile. An elliptical galaxy with a pure de Vaucouleurs profile should have fracDeV = 1, and a galaxy with pure exponential profile should have fracDeV = 0. In our morphologically selected sample of hosts, most (about 90 per cent) of the galaxies have fracDeV > 0.8, where fracDeV = 0.8 roughly corresponds to S0 galaxies (e.g. Bernardi et al. 2006) . Only for 14 host galaxies (mostly with D25 > 200 arcsec), the SDSS lacks the mentioned model fits or provides unreliable parameters due to the blending/defragmenting of galaxies with large angular sizes. For these 14 galaxies, we used our estimations of half-light radii based on the SDSS g-band images.
The R25and Re-normalizations are crucial for studying the projected radial distribution of SNe, because the distribution of linear values of RSN is strongly biased by the greatly different intrinsic sizes of elliptical hosts. Fig. 2 illustrates the dependencies of the RSN on R25 and RSN on Re of host galaxies in kpc. Below are presented the best-fits from Fig. 2 The Spearman's rank test indicates significant positive trends between the RSN and R25 for all, normal and 91bg-like SNe, as well as between the RSN and Re for all and normal SNe Ia. Only for 91bg-like SNe in the latter case, the trend is positive again but not statistically significant. In the remainder of this study, we use only normalized projected galactocentric radii of Type Ia SNe, i.e. RSN = RSN/R25 and RSN = RSN/Re. In addition, we measured the integrated g-band flux of the concentric elliptical aperture, which crosses the position of a SN, with the same elongation and PA as the host galaxy aperture. We then normalized this flux to the total flux contained within an elliptical aperture, retaining the same elongation and PA, out to distances where the host galaxy flux is consistent with the sky background values. This fractional radial g-band flux is commonly referred as F rg and can have values between 0 and 1, where a value of 0 means that an SN explodes at the center of its host, while a value of 1 means that the SN explodes at distances where no significant galaxy flux is detected, i.e. at the edge of the galaxy. As will be presented in Subsection 3.1, the distribution of F rg values allows to compare the radial distribution of SNe Ia with respect to that of the g-band light of host galaxies, irrespective of their different elongations and Sérsic indices (elliptical galaxies can have n ≈ 2 to 6 in the g-band, see e.g. Nair & Abraham 2010; Vika et al. 2013 ). Note that 15 SNe, which are located far outside the elliptical apertures where fluxes are consistent with the sky background values, are removed from the F rg analysis in Subsection 3.1. 10 For a complete description of the adopted methodology of F rg measurement, the reader is referred to James & Anderson (2006) and Anderson & James (2009) .
The full database of 109 individual SNe Ia (SN designation, subclass, source of the subclass, offset from host galaxy nucleus, and fractional radial g-band flux) and their 104 elliptical hosts (galaxy SDSS designation, distance, a/b, PA, Re, corrected D25 and u-, g-, r-, i-, z-band absolute magnitudes) is available in the online version (Supporting Information) of this article.
RESULTS
With the aim of finding possible links between the properties of SN progenitors and host stellar populations of elliptical galaxies, we now study the distributions of projected and normalized galactocentric distances and fractional radial fluxes of the subclasses of Type Ia SNe (normal and 91bg-like events). In this section, we also study the possible differences of global properties (absolute magnitudes, colour, R25 and Re) and estimates of the physical parameters (stellar mass, metallicity and age) of the stellar population of elliptical galaxies in which the different subclasses of SNe Ia are discovered.
The distributions of SNe Ia in elliptical host galaxies
Because the elliptical host galaxies of Type Ia SNe have different elongations (noted in Section 2), it is possible that the distributions of projected galactocentric distances of SNe along major (U ) and minor (V ) axes, normalized to R25 or Re, would be different. Obviously, the projected U and V galactocentric distances (in arcsec) of an SN are U = ∆α sin PA + ∆δ cos PA , V = ∆α cos PA − ∆δ sin PA .
Here, as already noted, ∆α and ∆δ are offsets of the SN in equatorial system, and PA is position angle of the major axis of the elliptical host galaxy.
In the mentioned context, using the two-sample KS and AD tests, we compare the distributions of |U |/R25 versus |V |/R25, as well as the distributions of |U |/Re versus |V |/Re for all, normal and 91bg-like SNe. Here, the absolute values of U and V are used to increase the statistical power of the tests. The values of PKS and PAD in Table 1 show that the distributions of projected and normalized galactocentric distances of SNe along major and minor axes are consistent between each other. Only the PAD values for the entire sample of SNe Ia are close to the rejection threshold of 0.05, however when we split the sample between normal and 91-bg like events, both the P -values of KS and AD tests become clearly above the threshold. Therefore, the different elongations of elliptical host galaxies in our sample have negligible impact, if any, on the sky plane projection of the spherical 3D distribution of SNe Ia. Fig. 3 shows the projected distributions of the subclasses of Type Ia SNe with R25 and Re normalizations.
As galaxies are characterized with a continuous distribution according to the Sérsic law with mean index n ≈ 4, when considering the families of ellipticals from dwarfs to giants (for the gband see e.g. Nair & Abraham 2010; Vika et al. 2013 ). In addition, Förster & Schawinski (2008) have already shown that the projected surface density distribution of Type Ia SNe in morphologically selected early-type host galaxies is consistent with the de Vaucouleurs profile (n = 4) in the 0.2 < RSN/Re < 4 radial range (see also Tsvetkov et al. 2004; Dilday et al. 2010) . However, in the literature a comprehensive analysis of the surface density distributions of normal and 91bg-like SNe in well-defined elliptical host galax-ies with different radius normalizations has not yet been performed and, as already mentioned, is one of the main goals of the present study.
Using maximum likelihood estimation (MLE) method, we fit the distribution of projected and R25-normalized galactocentric radii of Type Ia SNe ( RSN = RSN/R25) with the surface density model of Sérsic profile with n = 4. If the surface density (Σ) of SNe Ia is described by a Sérsic function of RSN (see Eq.
[1]), then the probability that a SN is observed at RSN radius, i.e. probability Notes. The P KS and P AD are the probabilities from two-sample KS and AD tests, respectively, that the two distributions being compared (with respective mean values) are drawn from the same parent distribution. To calculate the P KS and P AD , we used the calibrations by Massey (1951) and Pettitt (1976) , respectively. 
where R SN e = R SN e /R25 is normalized effective radius of SN distribution. The likelihood of the set of { RSN i} is
and thus maximizing ln(L) we get the effective radii of SN distributions for the subclasses of Type Ia SNe. At the same time, to check whether the distributions of SNe Ia follow the best fit de Vaucouleurs profiles, we perform one-sample KS and AD tests on the cumulative distributions of the projected and normalized galactocentric distances of SNe. In general, the cumulative distribution function (CDF) of Sérsic model can be expressed as the integral of its PDF (see Eq.
[2]) as follows:
where Table 2 . From the P -values in Table 2 , we see that the global ( RSN 0 and RSN 0) surface density distributions of Type Ia SNe in elliptical host galaxies are not consistent with the de Vaucouleurs profiles. When splitting the sample between the subclasses of SNe Ia, we see that the significant inconsistency exists for the RSN distribution of 91bg-like events, and the marginal inconsistency takes place for the RSN distribution of the same SNe (Table 2 ). The left panel of Fig. 4 illustrates that the main inconsistency is likely attributed to the slower growth or decline (in case of 91bg-like events) of the SN surface density at the central region of hosts with the radius of about one tenth of the optical radius of galaxies (gray shaded region in the figure). In our sample, the mean Re/R25 is about four, and a similar behavior of the Re-normalized surface density is seen at the central 0.4Re region (gray shaded region in the right panel of Fig. 4) .
It is important to note that different SN surveys are biased against the discovery of SNe near the centers of host galaxies (e.g. Leaman et al. 2011 ). This happens because central SNe have lower contrast with respect to the bright and often overexposed background of elliptical hosts, increasing the difficulty of their detection in a scan of the survey figures (e.g. Hamuy & Pinto 1999 ). In addition, host galaxy internal extinction AV < 0.2 mag exists only within the central region, while AV is almost zero outside that region till to the end of optical radius of an elliptical galaxy (González Delgado et al. 2015) . Since 91bg-like events have peak luminosities that are ∼ 2 magnitudes lower than do normal SNe Ia (e.g. Taubenberger et al. 2008 , and references therein), 91bg-like SNe are more strongly affected by these effects than are normal Type Ia SNe (as seen in Fig. 4) .
We now exclude SNe from the central regions of hosts ( RSN 0.1, RSN 0.4) and compare the SN distributions with the best-fitting inner-truncated de Vaucouleurs profiles. From the P -values in Table 2 , we see that all the inconsistencies vanish. In Fig. 4, we tended to the central regions of host galaxies, 11 and the global surface density distributions of SNe, enabling to roughly estimate the loss in SNe Ia discoveries, most expressive for 91bg-like events, compared with their expected densities. The mean loss of SNe in the central regions of elliptical galaxies is 22 ± 4 per cent of the expected total number of Type Ia SNe. This value is in good agreement with the similar estimation of 23 ± 12 per cent in E-S0 galaxies by Cappellaro & Turatto (1997) , though a different method and sample were used in their study. In our sample, the mean central losses of normal and 91bg-like SNe are 17 ± 5 and 27 ± 7 per cent, respectively.
In addition, we check the dependence of the described bias, i.e. the central loss of SNe, on the distances of their host galaxies (the Shaw effect; Shaw 1979), splitting the sample between near ( 100 Mpc) and far (> 100 Mpc) objects. This separation is done to have adequate numbers of objects in the subsamples. The surface density distributions of SNe in these distance bins show the equivalent central losses of SNe. In this sense, it is well known that the Shaw effect is important for photographic searches and negligible for visual/CCD searches (e.g. Howell, Wang & Wheeler 2000) . Similarly, the Shaw effect is negligible in our sample, in which ∼ 94 per cent of SNe Ia are discovered via visual and CCD searches (see Section 2).
11 For illustrative purpose, in the left panel of Fig. 4 we also present the best-fitting inner-truncated exponential profile (black thin line, i.e. n = 1 in Eq. [1] ). The one-sample KS and AD tests show that the surface density distribution of SNe Ia is strongly inconsistent with the global (P KS = 0.050, P AD = 0.005) and inner-truncated (P KS = 0.090 [barely inconsistency], P AD = 0.039) exponential models. Notes. The P KS and P AD are the probabilities from one-sample KS and AD tests, respectively, that the distributions of F rg (or inner-truncated F rg) are drawn from the surface brightness distribution of host galaxies. The statistically significant deviations (P -values 0.05) are highlighted in bold. Recall that 15 SNe, which are located far outside the elliptical apertures where fluxes are consistent with the sky background values, are removed from the fractional radial flux analysis (see Section 2).
Note that in the analysis above, we fixed the Sérsic index to n = 4 in Eq.
[1] when describing the surface density distribution of SNe Ia, while different elliptical host galaxies have n ≈ 2 to 6 in the SDSS g-band (e.g. Nair & Abraham 2010; Vika et al. 2013) . Fortunately, the distribution of fractional radial g-band fluxes of SNe (F rg, see Section 2 for definition) allows to compare the distribution of SNe with respect to that of the g-band light of elliptical host galaxies, irrespective of their different Sérsic indices and elongations (e.g. Förster & Schawinski 2008) . If the SNe Ia are equally likely to arise from any part of the projected light distribution of the host galaxies, i.e. the surface brightness of galaxy I and the surface density of SNe Σ are related by Σ = Const × I, then one would expect that the F rg values are evenly distributed throughout the projected radii of hosts (a flat distribution, independent of radius) and the F rg = 0.5 (e.g. James & Anderson 2006) . For the F rg values (from 0 to 1), the PDF and CDF are p(F rg) = 1 and E(F rg) = F rg ,
respectively. From the P -values of one-sample KS and AD tests in Table 3 , we see that the F rg distribution of Type Ia SNe is not consistent with the g-band light distribution of elliptical host galaxies (for the KS statistic but marginally so in the AD statistic), mainly due to the distribution of 91bg-like events. The upper panel of Fig. 5 illus- trates that, as already stated above, the main inconsistency is due to the selection effect against the discovery of SNe Ia near the center of the host galaxies (also seen in the right-hand panels of fig. 2 in Förster & Schawinski 2008) . Therefore, we also use the innertruncated fractional radial g-band fluxes of SNe ( F rg), excluding the central region of galaxies with one tenth of the optical radius (0.1 R25):
where f rg is the fractional flux of 0.1 R25 region. A similar definition of inner-truncated fractional flux for SNe in elliptical galaxies was first used by Maza & van den Bergh (1976) . Simply replacing F rg with F rg in Eqs.
[5] and using onesample KS and AD tests, we see that the F rg distributions of all subclasses of Type Ia SNe are now consistent with the g-band light distribution of hosts, with mean values of F rg near 0.5 as predicted (see Table 3 and the bottom panel of Fig. 5) .
We now compare, in Table 4 , the distributions of RSN, RSN, F rg and F rg values between the subsamples of normal and 91bglike SNe, using the two-sample KS and AD tests. The mean values of the distributions are also listed. With the tests, we see no statistically significant differences between the global radial distributions of the SN subclasses. Similar results hold true for the inner-truncated distributions of SNe Ia.
The global properties of SNe Ia elliptical host galaxies
In the SDSS DR15, different estimates of the parameters of galaxies (e.g. stellar mass, metallicity and age of stellar population) encompass calculations based on various stellar population models Notes. The P KS and P AD are the probabilities from two-sample KS and AD tests, respectively, that the two distributions being compared (with respective mean values and standard deviations) are drawn from the same parent distribution. The statistically significant differences (P -values 0.05) between the distributions are highlighted in bold.
tories. 12 However, from 109 SNe Ia elliptical hosts of our study, only 43 SNe (29 normal, thirteen 91bg-like and one 06gz-like) have available SDSS spectra of hosts, thus reliable estimates of mass, age, and metallicity. Therefore, instead of using them we prefer to estimate the stellar masses (M * ) of all our elliptical hosts, using the empirical relation of Taylor et al. (2011) between log(M * /M⊙), g − i colour and i-band absolute magnitude (Mi) as determined from more than 10 5 galaxies with redshifts z < 0.65:
where M * has solar mass units. According to Taylor et al., this relation provides an estimate of the stellar mass-to-light ratio (M * /Li) to a 1σ accuracy of ∼ 0.1 dex. In addition, to estimate average host galaxy stellar metallicities, we use the Gallazzi et al. (2006) correlation between stellar mass of E-S0 galaxy and log(Z * /Z⊙) as determined from about 26000 SDSS galaxies (see also Scott et al. 2017 , for early-type/high mass galaxies):
where Z * has solar metallicity units, with a scatter of ∼ 0.1 dex. Finally, following the procedure outlined in Verkhodanov et al. (2000) , we use the fixed redshifts of SN hosts to fit the PE-GASE.2 (Fioc & Rocca-Volmerange 1997 , 1999 elliptical galaxy models to our u-, g-, r-, iand z-band photometry to determine the luminosity-weighted ages of hosts. 13 To reveal possible differences in global properties of SNe Ia elliptical hosts, in Table 5 , using the two-sample KS and AD tests, we compare absolute magnitudes, colours, sizes, elongations, stellar masses, average metallicities and luminosity-weighted ages between the subsamples of host galaxies of normal and 91bg-like SNe. The table shows that the distributions of absolute magnitudes, g − i and r − z colours (red part of the SEDs), sizes, elongations, stellar masses and average metallicities are not significantly different between host galaxies of normal and 91bg-like SNe. On the other hand, the distributions of u − r colours (blue part of the SEDs) and luminosity-weighted ages of the hosts are significantly inconsistent between the subclasses of SNe Ia. In the histograms of Fig. 6 , we show the distributions of host galaxy stellar masses and u − r colours. The cumulative distributions of luminosity-weighted ages of the elliptical hosts are presented in Fig. 7 . It is clear that, despite their comparable stellar masses, the elliptical host galaxies of normal SNe Ia are on average bluer and younger than those of 91bg-like SNe.
In Table 5 , we also check the impact of the described bias in Subsection 3.1, i.e. the stronger central loss of 91bg-like SNe, on the comparison of the global properties of ellipticals by excluding the host galaxies with RSN < 0.1. We obtain nearly identical results showing that the central bias has negligible impact on the comparison of the elliptical host galaxies in Table 5 .
DISCUSSION AND SUMMARY
In this section, we discuss all the results obtained above and give summary within an evolutionary (interacting) scenario of SNe Ia elliptical host galaxies that can explain the similarity of the spatial distributions of normal and 91bg-like SNe in hosts and at the same time the differences of some global properties of elliptical hosts such as the u − r colours and the ages of the stellar population.
In Subsection 3.1, we have shown that the distributions of projected galactocentric radii (with different normalizations) of normal and 91bg-like SNe in elliptical galaxies follow the de Vaucouleurs model, except in the central region of ellipticals where the different SN surveys are biased against the discovery of the events (Table 2 and Fig. 4 ). These results are in agreement with a more generalized result of Förster & Schawinski (2008) , who showed that the projected surface density distribution of Type Ia SNe (without separating the subclasses) in morphologically selected early-type host galaxies is consistent with the de Vaucouleurs profile (see also Tsvetkov et al. 2004; Dilday et al. 2010 the profile shape and excluding the bias against central SNe, the radial distributions of SN Ia subclasses are consistent with the radial light distribution of stellar populations of elliptical hosts in the SDSS g-band (Table 3 and Fig. 5 ). We have not seen any significant differences between the radial distributions of normal and 91bglike SNe (Table 4 ).
These results are in agreement with those of Gallagher et al. (2005) , who studied the distribution of 57 local Type Ia SNe LC decline rates (∆m15) in the B-band versus projected distances (in kpc) from the centers of spiral and E-S0 host galaxies. Despite their smaller statistics of E-S0 galaxies, they found that the ∆m15 values are distributed evenly with projected galactocentric radii, showing no preference to the center of host galaxies for slowly declining (normal SNe Ia) or faster declining (91bglike) SNe (see also Ivanov et al. 2000 , for projected and normalized galactocentric radii). Using a larger SN Ia sample at redshifts below 0.25 and output parameters from two LC fitters, MLCS2k2 (Jha, Riess & Kirshner 2007) and SALT2 (Guy et al. 2007 ), Galbany et al. (2012) also studied the dependencies between SN properties and the projected galactocentric radii. For 64 SNe Ia in elliptical hosts, with determined morphology based on the con-centration indices and Sérsic profiles, the authors found some indications that SNe tend to have faster declining LCs if they explode at larger galactocentric radii. However, this trend is visible when the LC parameters from MLCS2k2 were used, in contrast to the homologous parameters from SALT2. In addition, Galbany et al. noted that their finding might be due to the possible selection effects and explained by the difficulty in detecting faster declining/fainter SNe Ia near the galaxy center, which we demonstrated in Subsection 3.1, based on the surface density distributions of normal and 91bg-like events in elliptical hosts.
In Subsection 3.2, we have shown that the distributions of absolute magnitudes, stellar masses and average metallicities are not significantly different between host galaxies of normal and 91bg-like SNe (Table 5) . Similar results were also obtained by Gallagher et al. (2005) , who found no correlation between the LC decline rates of SNe Ia and absolute B-band magnitudes (a sufficient tracer of galactic mass) of their E-S0 hosts. Gallagher et al. (2008) also studied optical absorption-line spectra of 29 early-type (mostly E-S0) host galaxies of SNe Ia up to about 200 Mpc and found a mild correlation, if any, between host global metallicity and SN Ia peak luminosity. Indeed, the variety of metallicities of the main-sequence stars that become white dwarfs could theoretically affect the mass of 56 Ni synthesized in SNe Ia (Timmes, Brown & Truran 2003) , and cause a variety in the properties of SNe Ia (e.g. in luminosities and/or decline rates). These authors hypothesized that less luminous SNe Ia arise from high-metallicity progenitors that produce less 56 Ni. However, Howell et al. (2009) noted that the effect is dominant at metallicities significantly above solar, whereas earlytype hosts of SNe Ia have only moderately above-solar metallicities (with no detectable star formation). In this respect, our elliptical host galaxies also span moderately above-solar metallicities (see Table 5 ), mostly within 0 ∼ < log(Z * /Z⊙) ∼ < 0.2 range, and therefore the metallicity effect in our sample might be sufficient to vary the optical peak brightness of SN Ia by less than 0.2 mag (Timmes et al. 2003) , but not enough for the differences between peak magnitudes of normal and 91bg-like SNe (as already mentioned, the latter have peak luminosities that are 2 ± 0.5 mag lower in optical bands than do normal SNe, see Taubenberger et al. 2008 ).
On the other hand, the radial metallicity gradient in elliptical galaxies (e.g. Henry & Worthey 1999) might be a useful tool to probe the differences between the properties of SN Ia subclasses. However, González Delgado et al. (2015) recently studied nearby galaxies, including 41 ellipticals, with redshifts < 0.03, using the precise data of integral field spectroscopy, and found that the average radial metallicity profile of elliptical galaxies (with negative gradient) declines only moderately from 0.2 dex above solar to solar from the galactic center up to 3Re, respectively. Therefore, most probably this small metallicity variation does not allow (according to Timmes et al. 2003) to see the differences between the distributions of normal and 91bg-like SNe along the radius of their elliptical hosts (Table 4 ). Our results confirm that the masses as well as global and radial metallicity distributions of elliptical hosts are not decisive factors of the nature of normal and 91bg-like SN populations (see also discussions by Ivanov et al. 2000; Gallagher et al. 2005 Gallagher et al. , 2008 .
At the same time, in Subsection 3.2, we have shown that the distributions of u − r colours and luminosity-weighted ages are inconsistent significantly between the elliptical host galaxies of different SN Ia subclasses (Table 5) : the hosts of normal SNe Ia are on average bluer (the right histograms in Fig. 6 ) and younger (Fig. 7) than those of 91bg-like SNe. These results are in excellent agreement with those of Gallagher et al. (2008) , who found a strong correlation between SN peak luminosities and the luminosity-weighted ages of dominant population of E-S0 hosts. They suggested that SNe Ia in galaxies with a characteristic age greater than several Gyr are on average ∼ 1 mag fainter at the peak in V -band than those in early-type hosts with younger populations (i.e. a fairly large number of subluminous/91bg-like SNe are discovered in older hosts). In addition, Gallagher et al. (2008) noted about the difficulty to distinguish whether this effect is a smooth transition with age or the result of two distinct SN Ia populations. Most recently, Panther et al. (2019) analysed integral field observations of the apparent/underlying explosion sites of eleven spectroscopically identified 91bg-like SNe (redshifts 0.04) in hosts with different morphologies (including six E-S0 galaxies) and found that the majority of the stellar populations that host these events are dominated by old stars with a lack of evidence for recent star formation. Panther et al. concluded that the 91bg-like SN progenitors are likely to have delay time distribution weighted toward long delay times (> 6 Gyr, see also Crocker et al. 2017) , much longer than the typical delay times of normal SNe Ia in star forming environments, whose delay times peak between several hundred Myr and ∼ 1 Gyr (e.g. Childress et al. 2014; Maoz et al. 2014 ). These results are in good agreement with our findings in Table 5 and Fig. 7 .
It is important to note that the global ages of elliptical galaxies are not significantly different, on average, from local ones at any radii, i.e. there is no clear age gradient in ellipticals, being only mildly negative up to Re and flat beyond that radius (e.g. González Delgado et al. 2015) . For this reason, we see no difference between the radial distributions of the subclasses of SNe Ia (Table 4) , meanwhile seeing the clear differences of the global ages of normal and 91bg-like hosts ( Table 5 and Fig. 7) . Thus, our results support the earlier suggestions (e.g. Ivanov et al. 2000; Gallagher et al. 2005 Gallagher et al. , 2008 that the age of SN Ia progenitor populations is a more important factor than metallicity or mass of elliptical host galaxies in determining the properties of normal and 91bg-like events.
We now interpret and summarise our results within an evolutionary (interacting) scenario of SNe Ia elliptical host galaxies. In Fig. 6 , we show u − r colour-mass diagram of elliptical host galaxies (the right and upper panels represent separately the histograms of the colours and masses, respectively). In Fig. 6 , the region between two solid lines indicates the location of the Green Valley, i.e. the region between blue star-forming galaxies and the Red Sequence of quiescent E-S0 galaxies (e.g. Mendez et al. 2011; Schawinski et al. 2014 ). For galaxies with elliptical morphology, this is a transitional state through which blue galaxies evolve into the Red Sequence via major merging processes with morphological transformation from disc to spheroidal shape (e.g. Schawinski et al. 2010; McIntosh et al. 2014) , and/or a state of galaxies demonstrating some residual star formation via minor merging processes with no global changes in spheroidal structure (e.g. Kaviraj et al. 2009 ).
It should be noted that we use the modification of the Green Valley defined by Schawinski et al. (2014) . These authors used the SDSS modelMag values 14 of about 9000 early-and about 17000 late-type galaxies with redshifts 0.02 < z < 0.05, while we use the magnitudes of host galaxies based on the g-band 25 mag arcsec −2 elliptical apertures (see Section 2). The comparison of SDSS DR15 modelMag measurements of our elliptical host galaxies with those obtained in Section 2, and the best-fit of our u − r versus log(M * /M⊙) bring a negative shift and a small change in slope for the modification of the Green Valley 15 in comparison with that in Schawinski et al. (2014) .
In Fig. 6 , we see that the tail of the colour distribution of normal SN hosts stretches well into the Green Valley, while the same tail of 91bg-like SN hosts barely reaches the Green Valley border, and only at high stellar masses. To quantify this difference, we compare the distributions of colour residuals of elliptical hosts of the SN subclasses relative to the upper border of our Green Valley (see Fig. 8 ). The two-sample KS and AD tests show that the distributions are significantly different (PKS = 0.049, PAD = 0.026). Therefore, the bluer and younger elliptical hosts of normal SNe Ia should have more residual star formation (e.g. Kaviraj et al. 2009; Schawinski et al. 2014) , well mixed radially and distributed within entire stellar population (e.g. Gomes et al. 2016a,b) , that gives rise to younger SN Ia progenitors, resulting in normal SNe with shorter delay times (e.g. Childress et al. 2014; Maoz et al. 2014) .
As was recalled in the Introduction, the rate of SNe Ia is a linear combination of two components, the prompt and delayed SN explosions (e.g. Scannapieco & Bildsten 2005) . The prompt component is dependent on the rate of recent star formation, and the delayed component is dependent on the galaxy total stellar mass (e.g. Mannucci et al. 2005; Li et al. 2011b; Hakobyan et al. 2011) . In this context, the normal SNe Ia with shorter delay times correspond to the prompt component. The bluer and younger ellipticals (with residual star formation) can also produce 91bg-like events with lower rate (e.g. Gallagher et al. 2008) , because of long delay times of these SNe (e.g. Panther et al. 2019) , i.e. a delayed component of SN Ia explosions (e.g. Scannapieco & Bildsten 2005; González-Gaitán et al. 2011) . The redder and older elliptical hosts that already exhausted nearly all star formation budget during the evolution (e.g. Schawinski et al. 2014 ) may produce significantly less normal SNe Ia with shorter delay times, outnumbered by 91bglike SNe with long delay times.
Finally, we would like to note that our results favor SN Ia progenitor models such as helium-ignited violent mergers (CO primary WDs with CO-as well as He-WD companions) as a unified model for normal and 91bg-like SNe (e.g. Pakmor et al. 2013; Crocker et al. 2017 ) that have the potential to explain the different luminosities, delay times, and relative rates of the SN subclasses.
In the years of the surveys by robotic telescopes on different sites on the globe (e.g. All Sky Automated Survey for Super-Novae Kochanek et al. 2017 ) and of the forthcoming Large Synoptic Survey Telescope (Tyson 2002) , thousands of relatively nearby SNe Ia with spectroscopic confirmations are expected to be discovered that will provide larger and better-defined samples of these transient events. We will then be able to place tighter constraints on the evolutionary scenarios of host galaxies and on the photometric and spectroscopic properties of Type Ia SNe with different progenitor models.
